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Abstract 

We investigate low energy implications of string loop corrections to super- 
gravity couplings which break a possible flavor universality of the tree level. If 
Supersymmetry is broken by the dilaton F-tcrm, universal soft scalar masses arise 
at the leading order but string loop corrections generically induce flavor-non- 
diagonal soft terms. Constraints from flavor changing neutral currents (FCNC) 
and CP violation then require a large supersymmtery breaking scale and thus 
heavy giuinos and squarks. If Supersymmetry is broken by moduli i^-terms, uni- 
versality at the string tree level can only be guaranteed by extra conditions on 
the Kahler potential. A large hierarchy between the gluino and squark masses 
ensures that FCNC and CP violation constraints are satisfied. If the soft scalar 
masses vanish at the string tree level, the cosmological problems related to light 
moduli can be evaded. However, generic string loop corrections violate FCNC 
bounds and require very heavy squark masses (« 100 Tel^). 



1. Introduction 

Supcrsymmetric extensions of the Standard Model (SM) arc among the most 
promising candidates for new physics above the weak scale Mz- In the mini- 
mal supcrsymmetric SM (MSSM) all particles of the SM are promoted to chiral 
N = 1 supermultiplets with one additional Higgs doublet added [1]. Supersym- 
metry is assumed to be broken by explicit but soft breaking terms which appear 
naturally in the low energy limit of spontaneously broken supcrgravity theories. 
This soft supersymmetry breaking introduces a number of new parameters into 
the Lagrangian which control the mass spectrum of the fermion's superpartners. 
The parameter space spanned by the soft terms has been the subject of numerous 
investigations, mostly under some simplifying assumptions [1]. It has also been 
studied within the context of further extensions such as supcrstring theory [2-8] . 

Without specifying the precise origin of the non-perturbative effects in super- 
string theory but with a number of plausible assumptions, it has been possible 
to observe interesting features of the soft terms [4, 7, 8]. In particular, many sig- 
natures at Mz are entirely controlled by perturbative couplings in string theory 
and (almost) independent of the assumption about the unknown non-perturbative 
properties. The relevant perturbative couplings have indeed been computed for 
many string vacua at the leading order (tree level) in string perturbation theory. 
One finds that in most cases the standard assumptions of the MSSM are not 
fulfilled. For example, non-universal scalar masses as well as non-proportional 
yl-tcrms with arbitrary CP-violating phases are easily generated. Non-universal 
scalar masses are particularly dangerous since they generically induce unaccept- 
ably large contributions to rare processes such as flavor changing neutral currents 
(FCNC) [9-12]. One way out is to look for possible mechanisms which naturally 
suppress non-universal scalar masses. This could be natural if SUSY breaking is 
communicated to the light particles by gauge interactions [13] or in models with 
a nonabelian horizontal symmetry [14]. (Abelian horizontal symmetries could 
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align quark and squark mass matrices, thus suppressing FCNC without squark 
degeneracy [15,16].) 

In the context of string theory, universahty of squark masses is achieved if 
the dominant source for supersymmctry breaking is the dilaton F-term [7] or in 
'no-scale' type of models [19]. However, in both cases non-universal scalar masses 
might arise through couplings generated at the 1-loop level of string perturbation 
theory. Although for such couplings much less (string) information is currently 
available, it is possible to estimate the typical size of these corrections and hence 
estimate the physical implications for weak scale phenomenology. Furthermore, 
the generic CP-violating phases of the A and _B-tcrms are constrained in both 
scenarios and can be confronted with the bounds for the electric dipole moment 
of the neutron (EDMN)[20]. 

This paper is organized as follows: In Section 2 we present the general form 
of string loop corrections. Their implications on FCNC and CP violation when 
supersymmctry is broken by the dilaton _F-term are studied in section 3. A 
similar analysis for supersymmctry breaking by moduli i^-tcrms (including some 
cosmological consequences) are studied in section 4. A summary is given in 
Section 5. 



2. String Loop Corrections 

We first summarize the generic structure of the couplings in the low energy 
effective Lagrangian of string theory. In addition to the gravitational and gauge 
multiplets, the massless spectrum contains two types of chiral supermultiplets. 
First, matter fields Q which are charged under the low energy gauge group G 
and which contain the quark and lepton multiplets of the SM. Second, there are 
the gauge neutral supermultiplets S (dilaton) and M* (moduli) which are flat 
directions of the perturbative effective potential and whose VEVs parameterize 
the perturbative degeneracy of the string vacuum. The couplings of the low 
energy effective Lagrangian for the massless multiplets are encoded in three scalar 
functions; the real Kahler potential K, the holomorphic superpotential W and 
the holomorphic gauge kinetic function /. 

K summarizes the kinetic energy terms and at low energies can be expanded 
in the matter fields 



K = K-^k + ZjjQ^e^^Q-^ 



i^HijQ'Q'^ + h.c. 



(2.1) 



where the '• • •' in eq. (2.1) correspond to terms which are irrelevant for the present 
investigation. The matter fields Q carry canonical dimension one whereas S and 
M* are expected to receive Planck-sized VEVs and therefore are chosen to be 
dimensionless. The couplings K, Zjj and Hij are dimensionless functions of S 
and M* and only further constrained by the fact that the dilaton Re S serves as 
the string-loop counting parameter. At the string tree level the dilaton couples 
universally in all string vacua; this universality is lost at the loop level but all 



Other recent investigations of the problem include refs. [17, 18]. 
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* Strictly speaking there can also be singlet supermultiplets which are not moduli, i.e. which 
are not a flat direction of the effective potential. For the purpose of this article we include 
them among the matter fields Q^ . 



couplings can be expanded in powers of Re 5*: 



K 



zij = E 






n=0 



IJ 



(2.2) 



H 



IJ 



E 

n=0 



HYj{M,M) 



where K^'""' , Zy and i?)j do not depend on the dilaton and their moduh depen- 
dence in general cannot be further constrained (they do depend on the details of 
the internal superconformal field theory). 

The scalar potential and the Yukawa couplings i^/ jl are determined by the 
superpotential W which is not renormalized at any order in string perturbation 
theory. The perturbative W is completely independent of the dilaton S but non- 
perturbative corrections can introduce further dilaton (and moduli) dependence 
into W. Expanding in Q we have 



W = W{S, M') + ]^iij{S, M')Q'QJ 



\yijl{M')Q'Q'Q'' 



(2.3) 



where the '• • •' stand for non-renormalizable interactions. W is identically zero 
at any order in string perturbation theory and arises only from non-perturbative 
physics. (Similarly, the S'-dependence in /i is induced at the non-perturbative 
level.) Without specifying the precise nature of such non-perturbative effects 
they can be parameterized by W . We assume that W is such that it breaks su- 
persymmetry by generating non- vanishing moduli f -terms (^ *) and/or a dilaton 



t K^^' and Zjl are the four-dimensional analogue of the Green-Schwarz term and have 
recently been computed in some orbifold vacua [21]. 



F-term (F\. To simplify our notation let us introduce an index (f) which runs 
over both the moduli and dilaton direction, i.e. cp = {i,S). Using this notation 
the f -terms are given by 



F^ = K2e^/2i-<?0(a^VK + Wd^K) 



(2.4) 



while the scale of supersymmetry breaking is parameterized by the (complex 
gravitino mass 



'3/2 



(2.5) 



We further assume that, at the minimum of the potential, a dilaton VEV (S) and 
moduli VEVs (M *) are generated and hence the perturbative vacuum degeneracy 
is (partially) lifted. Finally, the cosmological constant is assumed to be zero which 
implies 



l"^3/2l 



Ik^jF'^Ft 



(2.6) 



Under these assumptions (spelled out in more detail in ref. [7]) soft super- 
symmetry breaking terms are generated in the observable sector. In particular, 
the potential for the observable matter scalars (which we also call Q ) contains 
the following soft supersymmetry breaking terms: 



y(SSB) ^ rn' QiQJ + {-AijlQ'Q'Q"^ + t;BijQ'Q' + h.c. 



(2.7) 



where the parameters m , A, B are moduli and dilaton dependent and not neces- 
sarily flavour diagonal [4, 7, 8]. Specifically, 



"IJ 



^3/2 



^Zrj^F^F'^R 



'IJ 



ct>4>iJ' 



(2.8) 



where the flavour dependence can arise through the (perturbative) curvature 



X Recently various mechanisms have been studied which also include low energy quantum 
corrections to the cosmological constant [22,23]. Most of our analysis here is insensitive to 
the details of the mechanism responsible for the vanishing of the cosmological constant. 



couplings 



-^00/J — ^0^0-2'/J - ^4,I^NL^^J^ 



pjV _ yNJc, rr _ 



(2.9) 



and hence the standard assumption of universal (flavour independent) soft masses 
might not hold. Furthermore, 

AijL = F-^id^YijL - T^i^iYjDN + \k^Yijl) , Yuk = e'^I^YuK , (2.f0) 

where the first two terms are in general not proportional to the Yukawa couplings. 
Similarly, 



Bij =2|m3/2| Hij + m^/2F D^Hij - mg/g-F d^Hij - p r ' u^u^nij 



(where D^Hjj = d^Hjj — 2TfjHxj) is not necessarily proportional to 



=^/2r, 



M/J = e ' f^iJ + m^l2Hij - F d^H^ 



IJ 



(2.11) 



(2.12) 



Hence, the parameters of V^v^^") in eq. (2.7) in general do not satisfy the property 
of flavour-independence which is commonly assumed in the MSSM. 

Finally, there is one more soft term induced: the gauginos aquire a mass given 

by 

m„ = 7^%ln.9-2, (2.13) 

where g~ are the gauge couplings (a labels the simple factors in the gauge 
group) . In string theory the gauge couplings are universal at the leading order and 



In the context of the MSSM there is only one B-term allowed by gauge invariance and 
_R-invariance and hence no flavour dependent matrix exists. What the non-proportionality 
means in this case is that ^ can be zero with B staying finite (or vice versa). 



determined by the VEV of the dilaton. Non-universality and moduli dependence 
is only introduced via one-loop threshold corrections Aa [24] 



ffa"^(Mstring)=ReS' 



Aa(M, M) 

167r2 



(2.14) 



Mgtring denotes the characteristic scale of string theory; numerically Mgtring ~ 
5 X 10^^ GeV which is close to the supersymmetric GUT-scale Mqut ~ 3 x 10^^ 
GeV. In this paper we do not make any distinction between the two scales and 
denote them both by Mx- As a consequence of the very special field dependence 
of the gauge couplings, the gaugino masses are universal at the leading order and 
obey 



where 



Wl/2 



ax = 



rha = m 


1/2 


'^X - (1) 

47r 




(S + S) ■ 




mi^^ = F'diAa ' 


-F^A, 


9\Mx) 




1 





(2.15) 



(2.16) 



47r 27r(5' + S) 

Note that the universal gaugino mass mj m is directly proportional to the dilaton 
f-tcrm F and that both fhin and mjj are of order 0(7713/2). 

On the other hand, the scalar masses given by eq. (2.8) are in general flavour- 
dependent (non-universal) already at the leading order of perturbation theory 
when Zjj is approximated by its tree level contribution Z. j . However, there are 
scenarios where universal scalar masses and A-terms do appear at the leading 
order and non-universality is only introduced at the one-loop level. For those 
cases - which are the focus of this paper - we have 



2 2 -7(0) , ax 2(1) 

777 r 7 = 777n Z ) ^ -\ 171 -, \ 

IJ 'J IJ 4^^ IJ 
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IJL 



^0 ilJL + -r- ^JJL^ 



(2.17) 



47r 



3. Supersymmetry Breaking by the Dilaton 

Under the assumption that only a dilaton _F-term (^ ) is generated by the 
non-perturbative physics, the soft parameters simphfy considerably at the lead- 
ing order and the scalar masses and A-terms are indeed universal. This is a 
consequence of the universal couplings of the dilaton at the string tree level. 
Specifically one finds [7, 8] 



2 I |2 1 1-^ I A 



FS 



pS 



^1/2 = 



(3.1) 



'{s + s)' (s + s)' ''' {s + sy 

while B and /i are independent parameters. (If, in addition, /t = holds in 
eq. (2.12), B and /i are related via B = 27713/2/1 but we do not assume this 
relation here.) Given the soft terms (3.1) generated at Mx, standard RG-analysis 
can be used to compute the supersymmetric mass spectrum at low energies [25]. 
One finds that all squark masses rriq are essentially degenerate with the gluino 
mass m3 

(3.2) 



m^ ~ 7713 ~ 5 "^3/2 
whereas the slepton masses obey 

?77| ~ 0.3 7713 ~ 1.5 7ri3/; 



3/2 



(3.3) 



In order to evade the direct experimental bounds [27] on scalar and gaugino 
masses, cqs. (3.2), (3.3) imply 



7773/2 > 30 GeV 



(3.4) 



In this section wc study the physical properties of this scenario beyond the 
leading order approximation. In particular, we assume generic 0(1) one-loop cou- 
plings Z y which induce flavour-dependent scalar masses and non-proportional 



IJ 



See also ref. [26]. 



y4-tcrms at the next order. From eqs. (2.8)-(2.10) we learn (using (3.1)) 



A 



IJ 

(1) 



pS 



{~K^'^ YuL + 3Z«Z-^"^ (0) Y^j, + d,k^')m^^D,YuL 



^^^ {S + S) 

^Oimy^Y), 

where Z^°\ Z^^'> and K^^^ are all functions of 0(1). 



(3.5) 



3.1. Constraints from Flavor Changing Neutral Currents 

Let us first focus on the constraints implied by the smallness of FCNC. We 
use the notation of ref. [15] and the calculations of ref. [28]. The experimental 
bounds from FCNC constrain the sfermion masses at the weak scale Af-* (/ = 
7i, d, i) which are determined in terms of the soft input parameters (3.1) and (3.5) 
generated at the high energy scale Mx- In the basis where fermion mass-matrices 
are diagonal and gaugino couplings are diagonal, the sfermion masses appear in 
3x3 submatrices. 



m/2 = 






M 



/2 
RL 



M 



/2 
RR / 



(3.6) 



9 ■ ■ f'2 f'2 

where the soft scalar masses rnrj contribute to the diagonal blocks M j^j^, M L„ 
while the A-terms directly determine Mj^n [1]. As SUSY breaking by the dilaton 
leads to approximately degenerate sfermions in each sector, it is convenient to 
define the average sfermion mass-squared, m-. FCNCs are then proportional to 



\"mn)v 



(M 



mn)v 



, ij^ J 



(3.7) 



/ 



and the strongest constraints on non-universality arise from the light generations. 



t See alsorefs. [29]. 

J The diagonal elements in M|^ also depend on /7. 
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(For squarks the bounds arc particularly strong on the combination ( SI2 
V'('^LL)i2(4ij)i2-) One finds [28, 15] 



Re 



(4) 



< 6 X 10"^ 



-d 



^d 



1 TeV 



1 TeV 



Rc((^L)i2 < 8 X 10-3 (^_ 
M4r)i2 < 7 X 10- 



TeV 



1 TeV 



Im ( (5^2 ) < 5 X 10" 



from Atuk and ex, and 



/ 777 ~ \ -^ / 777 

('^Wi2< 1-5 X 10-2 f;^,^^) , (<5i^)i2 < 5 X 10-6 



(3.8) 



0.3 TeV 



0.3 TeV 



(3.9) 



from the bound on BR(/i ^ e"f). The bounds (3.8) and (3.9) have been evaluated 
under the assumption rriq 2± 7713 and to; ~ 2 mi as appropriate for dilaton-induced 
SUSY breaking (c/. eq. (3.2)). In the slepton sector the bound on {Sj^jj^,j)i2 






and 



have used the value 



also depends on (Af£^)22 ~ m^ 
{Mj^^)22 = —3.8 TO,^TO,3 /2 in (3.9) as a characteristic value for the dilaton scenario. 
All bounds quoted are only accurate up to factors of 0(1) due to hadronic un- 
certainties in the squark sector and the dependence on (M£^)22 in the slepton 
sector. Finally, the bounds from Ato^, Atti^j and radiative t decays are much 
milder than (3.8) and (3.9) and play no role in our analysis. 

The experimental bounds (3.8) and (3.9) can now be compared with the 
theoretical 'predictions' of the dilaton scenario which follow from cqs. (3.1) and 
(3.5). Let us first note that even for the universal boundary conditions (3.1) 
renormalization effects induce small (5's at low energies which obey (3.8) and (3.9) 
[28, 29] . The point we want to study here is the implication of the non-universality 
implied by (3.5). The running of the off-diagonal mass-matrix elements of the 



§ (-^^^1^)22 depends on a phase (t>B, defined in the next section. Here we take cpB = which 
gives the weakest constraint. 



first two generations is neglibly small [1] and hence we can estimate at the weak 
scale: 

2(1) 

g ax m^2 ^ , 1 r,^ ,n-4 



('^Li?) 12 ^ 3 



ax msm'ii2 
Ait to? 



4x 10" 



1 TeV 



2(1) 

ax mj2' 



(3.10) 



('5mm)i2 ^ ir-^ ^ 1-5 X lo-^ 

47r TO,; 



{SiR)l2 ^ 1.5 



ax "^/i'^3/2 

47r TO,? 



1 X 10" 



0.3 TeV 



where we used eqs. (3.2), (3.3), (3.5) and ax = 1/24. Also (3.10) are only order 
of magnitude estimates and factors of 0(1) are neglected. 

Comparing (3.10) with (3.8), (3.9) we find that in the squark sector the only 
potentially interesting bound arises from ej^. Assuming phases of 0(1) in the 
mass matrix (3.6) or equivalently Im((5^,j^^)i2 ~ Rc((5^^^)i2, we find that (3.8) 
can be satisfied by slightly raising tot, 



TO^~ > 180 GeV =^ TO3 > 180 GeV (TO3/2 > 36 GeV). 



(3.11) 



In the slepton sector the constraint is stronger and (3.9) can only be satisfied for 



TO| > 135 GeV 



TO3 > 450 GeV (TO3/2 > 90 GeV) 



(3.12) 



The fact that the stronger constraint arises in the slepton sector is a consequence 
of the large renormalization effect in the squark sector due to the gluino mass 
which enhances the average squark masses and therefore weakens the FCNC 
constraints [14, 8, 18]. 

To summarize, when SUSY is broken by the dilaton, universality and pro- 
portionality are violated at the string loop level. The effect on mass differences 
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in the various neutral meson systems is small. If the phase in the universality 
violating terms is of 0(1), a lower bomid on the down squark masses arises, 
rriT > 180 GeV . The effects on the decay ji ^> e^f due to violation of either 
universality or proportionality are more significant and give a lower bound on 
the charged slepton masses, rrif > 135 GeV . As all sfcrmion masses are fixed by 
the gluino mass in this scenario, we conclude that the most stringent constraint 
is the one from the leptonic sector and requires 7713 > 450 GeV (or equivalently 
?^3/2 ^ 90 GeV). However, it should be stressed that such estimates are only 
accurate up to factors of 0(1). 

3.2. Constraints from CP Violation 

In the previous section we investigated the effects of violation of universality 
and proportionality by string loop effects. In this section we study then CP 
violating effects that arise at the leading order and are implied by eqs. (3.1). 
Such effects are constrained by the upper bounds on the electric dipole moments 
of the neutron (EDMN) and of various atoms and molecules. 

When both universality and proportionality hold, there are, in general, two 
new CP violating phases (in addition to the CKM phase Skm sind the strong CP 
phase Oqcd) [30]: 



<t>A = arg i^Ao rhy^j , <f)B = arg (^Bo my^J 



(3.13) 



(where Bq = Bjj/j.ijj). In eq. (2.5) we defined 7713/2 as a complex quantity, its 
complex conjugate is 7713/2 = k e ' W. Using eqs. (3.1) we conclude that (f)^^ 
vanishes at tree level while there is no significant simplification for (J)b and we 
expect [8] 



O(^), <^B = Oil) 



(3.14) 
The contributions to the EDMs of the neutron and of various atoms from 



(f>jl and (f>B were estimated in ref. [31]. The appropriate modifications of their 
estimates to our case read, in the limit (pj^ ^ (pj^, 



jrfNl ~ 1-4 X 10"^^ e cm 



100 GeV 



(sm^B) 



(3.15) 



(where the leading contributions come from the light quark EDMs and CDMs) , 

2 

(3.16) 



jrfTll - 1.6 X 10-22 e cm ( Hi^ ) (.m^/.^) 



X "^3/2 / 

(where the leading contribution comes from the EDM of the electron) , and 

I^Hgl - 3 X 10-2^ e cm ( ^"^^"^ | (sin*/)^) (3.17) 



\ "^3/2 / 

(where the leading contribution comes from the nonderivative nuclcon-nuclcon 
coupling) . The experimental bounds [33 35] , 

I^nI < 1-2 X 10"^^ e cm, 
[rfxil < 6.6 X lO-^'^ e cm, 
jdHgl < 1.3 X 10"^'^ e cm. 



require 



"7.3/2 > 480 GeV ^sin 4>i 



(3.18) 



(We have also checked the bounds from rfcsi dxe and dxiF and found that they are 
weaker.) Even for siui^^ ~ 0.1, we need nig > 800 GeV which is stronger than 
any of the FCNC bounds (3.11), (3.12). Finally, we note that if (pB = 0(|^), 
then (3.18) is satisfied for 7^3/2 > 30 GeV, which coincides with the direct limit 

(3.4). 



* Strictly speaking one should also take the renormalization of (pB into account. However, in 
ref. [32] it was shown that 4>b does not renormalize and therefore we can use the boundary 
values at Mx- 
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To summarize, of the two new CP violating phases, one vanishes at string tree 
level and poses no phenomenological problems. The other is expected, in general, 
to be of 0(1), in which case it would require gluino mass above 800 GeV. Under 
special circumstances it could be suppressed, but we see no simple mechanism 
to guarantee its vanishing. 



4. Supersymmetry Breaking induced by the Moduli 

4.1. Non-Universal Soft Terms 

If the dominant source of supersymmetry breaking are moduli _F-terms (F^), 
the soft scalar masses are generically non-universal at the string tree level and 
of 0(7713/2). The ^-terms are not proportional to the Yukawa couplings and of 
0(7713/2). The gaugino masses are also non-universal but, more importantly, they 
are suppressed since F « implies rhin ~ via eq. (2.16). Instead we have 



ax ~ 1 

ma = -;—m'a' , 
477 



(4.1) 



where fha = 0(7713/2). The current lower bound on the gluino mass [27] implies 



ax 



150 GeV < mz{Mz) = 3 7^3 (M^) ^ 3 -^ 1713/2 , 



47r 



(4.2) 



4 



or equivalently 1113/2 i^ 15 TeV . Generically, this leads to squark and slepton 
masses of the same order of magnitude and hence radiative electroweak symme- 
try breaking requires a major fine-tuning in order to keep Mz at 90 GeV [38]. 
However, large scalar masses also suppress the contributions to FCNC processes. 



t For example, when /i = and dsW jW is real. Different mechanisms are proposed in 

refs. [36, 37]. 
X A similar bound follows from the charginos. Again, this bound is correct only up to factors 

of 0(1) and in specific models a smaller m-^/^ might appear [5]. 



For a small ratio •m-^/m- ~ 10 (which follows from eq. (4.2)), the experimental 
constraints slightly change compared to (3.8) and (3.9) and now read 



Re (,5^2) < 1.3 X 10-2 (^1^) , Re(<5i^)i2 < 5 x 10"^ 
1111/(5^2) < IT X 10"^ 



,1 TeV 



'J!ld_\ ini(,5f„)i2<4x lO'S 

a TeV) ' ^ ^^' - VI TeV 

from Ain/f and e/f , and 



(4.3) 



(4/Af)i2 < 2 X 10-2 {-^^^)^ , (<5L)i2 < 1 X 10-4 



iiij 



0.3 TeV 



(4.4) 



from the bound on BR(/i -^ 67). For large scalar masses, the strongest constraint 
arises in the down-squark sector from K — K mixing. (The slepton constraint 
becomes weaker due to its scaling behaviour.) For m^ <^ m - the (5's (defined in 
eq. (3.7)) do not renormalize and are given directly by their boundary values at 
Mx- Off-diagonal scalar mass matrix elements of 0(7113/2) then imply ((^12) — ^ 
and hence 7113/2 > 75 TeV (or even 7113/2 > 650 TeV if lm{df2) ~ R-c(<5i2)) 
is required in order to satisfy eqs. (4.3). This bound is much stronger than the 
direct bound (4.2). 

To summarize, for supersymmetry breaking induced by moduli the gaugino 
masses are suppressed and the experimental bound on the gluino implies rather 
large squark and slepton masses. At the same time flavor non-diagonal soft terms 
are present already at the string tree level and despite the large scalar masses they 
violate the FCNC bounds. Thus, one needs at least an approximate universality 
at leading order. 



Non-proportional A-terms can renormalize the <5's and weaken the constraints but this 



mechanism is not available for m^ <C m^ [18]. 
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4.2. Universal Soft Terms 



In the moduli dominated scenario universal soft terms appear at leading order 
whenever the couplings Z j satisfy 



IJ 



Zf] = h{M, M) 6jj 



(4.5) 



The unit matrix Sjj in eq. (4.5) is not the only solution which guarantees universal 
soft terms. Rather, there could be an arbitrary matrix which only depends on 
moduli whose _F-tcrms vanish but which is independent on all moduli whose 
F-terms break supersymmctry. Indeed, Z j obeys such a 'split' in string vacua 
based on (2, 2) compactifications where the metric for the 27 (of Eq) only depends 
on the (1,2) moduli through an overall scale factor [39]. (Similarly, the metric 
for the 27 only depends on the (1, 1) moduli through an overall scale factor.) 

Using cqs. (2.9) and (4.5) wc find 



Tij = Si dilnh, 



R^^^,j=Z^^} d,dAnh 



H]IJ 



1.1 "'^J' 



(4.6) 



that now the gaugino masses are much smaller than the scalar masses m^ ^ ttiq 
and therefore no renormalization effects enter into the low energy scalar masses; 
they are directly determined by their boundary value rriQ. Similarly, the (5's do 
not rcnormalize and for both sleptons and squarks we have 



{& 



MMh2 



2(1) 

-^^- ~3.3x 10"^ 
47r mQ 



(4.8) 



where we used m-^j — '^ig. (The (<5^^)i2 are suppressed by an additional factor 
of the appropriate fermion mass divided by m? and thus provide no additional 
constraint.) Comparing the theoretical prediction (cq. (4.8)) with the experimen- 
tal bounds (4.3), (4.4), we see that due to the large squark and slepton masses 
implied by the direct limits (4.2) all FCNC constraints are automatically satisfied. 

Finally, let us discuss a specific example of the moduli dominated scenarios 
which is closely related to no-scale models [19]. For the special case of 

h = e-^/3 (4.9) 

in eq. (4.5) (which can also be found in (2,2) vacua), (4.6) and (4.7) imply 



Inserting into (2.8) and (2.10) results 



ml = |m3/2p-F'i^^"ai%ln/i ^0(m\i^ 
AijL = F' (d.YijL + YijLi^d.k - S^^ In h) 



Oim,/2Y) 



(4.7) 



at the leading order (string tree level) . For Yukawa couplings which only depend 
weakly on the supcrsymmetry breaking moduli (i.e. diYjji^ « 0) the ^-terms 
arc strictly proportional to the Yukawa couplings {Aq = e^ '"^ F^ [diK — 2>di In /i)). 
However, similar to the dilaton case this universality might be lost at the next 
order for generic Z j couplings which do not obey (4.5) and we can estimate the 
physical consequences implied by such non-universality. The main difference is 



il 



--^SfK, 



-Tl-or J — —KjiZ 



HJIJ 



tJ^IJ 1 



ml =0 



AijL = e^'I^F'd.YijL 



(4.10) 



If, in addition, the moduli dependence of the Yukawa couplings is weak, diYjji^ 
0, the Ajji^ terms also vanish at tree level and we have instead 



AiJL = Oi^my,). 



(4.11) 



Inserting eqs. (4.9) and (4.10) into eq. (2.11) gives, in general, no special can- 
cellations for Bjj. Note, however, that if Hjj ~ 0, then the scale of Bjj is 



^ In the dilaton-dominated scenario the renormalization of the squark and slepton masses 

are driven by the gaugino masses which is the reason for eqs. (3.2), (3.3). 
* Note that this does not require any constraint on K itself. 
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set by fijj which is independent of m^i/2- In sueh a case, Bjj could be much 
smaller than rriy^ independently of the SUSY breaking mechanism. Therefore, 
in our analysis below, we allow Bjj to take arbitrary values (as long as they are 
phenomenologically acceptable) . 

The bound (4.2) still holds but now the scalar masses also vanish at leading 
order and one expects 



ax 



ij^^^i/2>(»50GeVy 



(4.12) 



Hence, most parameters in the observable sector are decoupled from 7713/2 at the 
leading order and only arise from string loop effects and with the appropriate 
suppression. However, the contributions to FCNC processes are generically too 
large in this scenario. The bounds are somewhat different from (4.3) and (4.4) 
because in this case rhf^/mr = 10~ : 



Re/ 6(2) < 1 X 10^2 
Im/f^fa) <8 X 10^'' 



f TeV 

m 



'd 



1 TeV 



MSinh^ < 6 X 10- 
M4r)i2 < 5 X 10- 



1 ^^^^ (4.13) 



1 TeV 



(s; 



MMll'i 



< 1 X 10- 



il^t <"i«)"^ '-'»-' (ai^F)^ <"^' 



The strongest constraint again arises in the down-squark sector from K ^ K 
mixing. For off-diagonal mass matrix elements of the same order as the average 
scalar masses, one has {Sj^j-j^,[)i2 = 0{1) which implies mi > 100 TeV (or even 
mj > 1000 TeV if Im {6f.2) - Re (Sf^)). 

The bounds on 7773/2 from electric dipole moments are of 0(1 TeV) for phases 
of 0(1). Thus, with 7773/2 > 0(10 TeV) these bounds are always satisfied. 



** Bij — can also be arranged by choosing K appropriately [19]. 
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4.3. COSMOLOGICAL IMPLICATIONS 

The existence of light moduli, Mi ^ Mz, with couplings to observable parti- 
cles of order l/mp, poses severe cosmological problems [40 42]. Such moduli are 
likely to dominate the matter density of the universe until their decay. When they 
decay, at time Ti r^ nip/Mf, they give a reheat temperature T^ ^ \/fnp/Ti ~ 
10~ GeV, too low for successful nucleosynthesis {Tp^s ^ 10~ GeV). 

The cosmological implications of the moduli are drastically different if their 
masses are much higher than Mz- A particularly interesting range is Mi ~ 
tens of TeV. If this it the typical mass scale of moduli then [43,44] 

1. The universe becomes matter dominated by the heavy moduli long before 
they decay if the Hubble constant during inflation is larger than the moduli 
masses. 



2. The moduli would decay at time t, 
temperature of Tfj '^ y^mp/i 



j^ ^ 1 sec. They will give a reheat 
a few MeV , just right for nucleosynthesis. 



3. AH decay products will thermalize very fast: with typical number density 
77p ~ Tj^/Mi ^ 10""*^® GeV'^^ hadronic-interaction cross section a ^ ^/.f^ 
and initial velocity f ^ 1, the thermalization rate cmpv ^ 10~ GeV is 
much faster than the expansion rate. 

4. Upon thermalization, the number of photons increases to 77^ ~ 10~ GeV\ 
but (as baryon multiplicity in hadron scattering is 0(1 — 10)) the number of 
baryons remains essentially unchanged, n^_^_p ^ 77p ^ 10^ n^. (If CP- and 
B-violating interactions - either directly in moduli couplings or indirectly 



in SUSY interactions - induce an asymmetry 



10 , it would lead 



to the required baryon symmetry. However, such a large asymmetry is 
unlikely, as a suppression factor < 0(— ) is unavoidable.) 

Thus, while light moduli pose serious problems to nucleosynthesis, heavy 
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moduli (Mi ^ 100 TeV) could actually be responsible to nucleosynthesis. From 
eqs. (4.1), (4.11) and (4.12), we learn that when (a) SUSY is broken by the moduli, 

is 



(b) Zj J = e ' Sjj, and (c) the moduli dependence of the Yukawa couplings 



mj < m3/2 



while the moduli masses are Mi = 



weak, then rha, Ajji ^ 

0(777,3/2). The direct experimental bound on 7773 implies then 



7f73 > 150 GeV, mj > 900 GeV, Mi > 15 TeV, 



(4.15) 



In this scenario, the moduli masses are necessarily heavy and consequently the 
cosmological problems related to light moduli can be evaded. However, the model 
faces two problems. First, in the previous section we found that if universality 
is violated at the string one- loop level, then 777? (and consequently all other 
scales) should be at least two orders of magnitude above the bound (4.15). In 
this case, a major fine-tuning (of order — f- ^ 10~ ) is required to produce the 
correct electroweak breaking scale, making this scenario very unattractive. In 
order that it remains viable, there should exist a mechanism that would guaran- 
tee universality to high enough string loop level that the various scales actually 
reside not far above the lower bounds (4.15). Second, even if such a mecha- 
nism does exist, the natural scale for Mz would still be of 0{mf). We were 
able to show, however, that with fine-tuning of C'(^) (of either mt or 777^-) and 
^ = C(^"J3/2)j B = C(ff-"^3/2) we get the correct scale for Mz- 



*- For another solution of the cosmological moduli problem, that does not require heavy 

moduli, see ref. [44]. 
f The moduli masses can only be much lower than 7773/2 for special K and W [19]. 



5. Conclusion 

In this paper we analyzed the effects of string loop corrections on rare pro- 
cesses at the weak scale. Since only limited information about these corrections is 
currently available, we estimated their typical order of magnitude and compared 
them with the stringent bounds implied by the small FCNC. 

We find that in the dilaton scenario the experimental bounds can only be 
satisfied by raising the supersymmetry breaking scale, 

m-i > 450 GeV, 

which is a factor of 3 above the scale required by the direct experimental limits. 
For CP-violating phases of 0(1), constraints from EDMN require an even larger 
scale, 



7773 ^ 2.4 TeV \/ sin (j}B. 

However, both estimates neglect factors of 0(1). In the moduli scenario the 
gaugino masses always only appear as string loop corrections and therefore are 
hierarchically smaller than the scalar masses. 



ms > 150 GeV, mj > 15 TeV. 



Even with this hierarchy, generic tree level soft terms violate the bounds from rare 
processes. For squarks to have their masses at the lower bound, 777^ ^ 15 TeV, 
the soft scalar masses that appear at the string tree level have to be universal. 
Such universality does occur with extra conditions on the metric Zjj. 

We have not explicitly considered the case where moduli and dilaton i^- 
terms are of the same order of magnitude F ^ F^ . If eq. (4.5) holds, the 
soft parameters are essentially equivalent to the standard MSSM parameters at 
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leading order with independent iJii/2,mQ, /d, Aq, B. The gaugino masses are not 
suppressed and therefore they drive the renormalization of the scalar masses. 
Without repeating the entire analysis we may conclude that, within the accuracy 
of our estimates, this leads to similar constraints as were found in the dilaton 
scenario. That is, the scale of supersymmetry breaking has to be raised compared 
the to scale required by the direct experimental limits. 

In no-scale type scenarios also the scalar masses only appear at the loop level 
and 



ma > 150 GeV, mj > 900 GeV, m 



-3/2 



> 15 TeV. 



This leads to the interesting possibility of a large hierarchy between the observ- 
able sparticle masses and the moduli masses with interesting cosmological con- 
sequences. However, FCNC constraints push the scale to at least two orders of 
magnitude above the lower bounds. For this scenario to be realistic, universality 
has to hold well beyond the string one-loop level. 
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